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GENERAL INTRODUCTION 
Stewart's Bacterial Wilt of Corn 
A bacterial wilt of sweet corn (gga L.) (73) was 
first investigated and described by Stewart in 1897 but was 
not named. Stewart forwarded his bacterial isolates to E. 
F. Smith (89) for classification, and Smith subsequently 
named the disease Stewart's disease of sweet corn. Other 
common names (73) for the disease include Stewart's wilt, 
Stewart's leaf blight, bacterial leaf blight, maize 
bacteriosis, and Stewart's bacterial wilt of corn. In this 
thesis, the disease has been referred to as Stewart's 
bacterial wilt of corn (SBW). 
The causal bacterium for SBW was originally identified 
as Pseudomonas stewartii E. F. Smith, 1898, but it can be 
found under several other synonyms as its classification 
has changed in subsequent years. The other synonyms (24, 
25, 73) are Bacterium stewartii E. F. Smith, 1914; 
Aplanobacter stewartii (E. F. Smith) McCulloch, 1918; 
Bacillus stewartii (E. F. Smith) Holland, 1920; Phytomonas 
stewartii (E. F. Smith) Bergey et al., 1923; Xanthomonas 
stewartii (E. F. Smith) Dowson, 1939; and the current 
designation Erwinia stewartii (E. F. Smith) Dye, 1963. It 
is a member of the Enterobacteriaceae. 
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Historically, £. Stewartii has caused more severe 
symptoms on sweet corn than on dent corn. Susceptible corn 
hybrids infected with £. stewartii may be stunted and wilt 
quickly. Symptoms can resemble plants suffering from 
drought, nutritional deficiency, or insect injury (73, 87). 
Lesions on the leaves appear first as linear, pale green to 
yellow streaks with wavy margins that parallel the veins 
and become water soaked. The affected tissue becomes dry 
and brown. Infected plants may produce bleached dead 
tassels. Cavities filled with bacteria in the pith of 
severely diseased stalks have been associated with a stalk 
rot (73). A cross section through an infected stalk 
reveals a yellow bacterial ooze originating from the 
vascular bundles. The leaf blight or the late infection 
stage, which generally occurs after tasseling, has leaf 
symptoms similar to those previously described but the 
lesions are usually associated with corn flea beetle 
rChaetocnema pulicaria Melsh.) feeding scars. 
Crop damage due to SBW, based on early descriptions 
of the disease, ranged from slight to severe and generally 
was limited to localized areas (73). In 1932, however, a 
wide-spread epiphytotic of SBW occurred in most of the 
corn-growing areas of the United States causing severe 
economic losses (73). Less wide spread outbreaks occurred 
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during the remainder of the 1930s. It was noted that 
although the Incidence of the disease was declining, the 
severity of the leaf blight symptoms of SBW on susceptible 
dent com (27) was Increasing. The decline in the 
incidence of SEW after 1932 was attributed to a change in 
climatic factors and the introduction of tolerant sweet 
corn hybrids. 
SBW has been reported from Canada, China, Costa Rica, 
Italy, Mexico, Poland, Puerto Rico, United States, Russia, 
Switzerland, and Yugoslavia (73). In 1977, it was 
described in Peru (3), and recently outbreaks have 
reoccurred in Italy in 1983 (6) and Canada (4, 5) in 1986. 
Both Russia (70) and Yugoslavia (38) have since claimed SBW 
was erroneously identified in their countries and the 
disease is not considered to be present. 
All agronomic types of corn are susceptible to 
infection by £. stewartii (73). The bacterium was found to 
naturally infect teoslnte fEuchlaena mexicana Schrad.) and 
eastern gama grass rTrinsacum dactvloides L.). A large 
number of grasses and other plants were reported as 
susceptible to £. stewartii infection when they were 
artificially Inoculated (73). 
The corn flea beetle carries £. stewartii Internally 
and infects plants during feeding (42). The pathogen can 
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overwinter in the adult corn flea beetle which feeds on 
corn seedlings in the early spring (28). The com flea 
beetle serves as the major source of primary inoculum in 
the field. Later generations of the corn flea beetle 
acquire the pathogen from previously infected plants and 
transmit it to other plants. This constitutes secondary 
spread leading to the leaf blight phase of SBW. Although 
other beetles and several insect larvae are capable of 
transmitting £. stewartii. only the corn flea beetle was 
shown to be important for overwintering and dissemination 
in the field (73). 
The bacteria have been found in xylem vessels, 
intercellular spaces, cavities adjacent to disrupted 
vessels, and intracellular spaces in corn leaves (14, 42, 
73). Bacteria have also been observed in vascular and pith 
tissue in the stem, shank, and cob. Ultrastructural 
studies by Braun (14) found deposition of a bacterial-like 
extracellular polysaccharide (EPS) on pit membranes during 
the early infection process. At later stages, vascular 
bundles appeared to be plugged with EPS and bacteria. 
Attempts to isolate £. stewartii bacteria from the surface 
of corn seeds have not been successful but it has been 
isolated from the internal parts of the kernel (73). In 
photomicrographs of sectioned diseased sweet corn kernels 
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in the milk stage, bacteria were found in the vascular 
tissue of the chalazal region, the aleurone layer, and 
between cells in the endosperm (42). £. atewartii was not 
found in the embryo. The effect of seed dry-down on the 
viability of the bacteria was not addressed. 
Numerous studies attempted to define the role of seed-
borne inoculum in the disease cycle. Ivanoff (42) and 
Frutchey (32) inoculated surface sterilized sweet corn 
seeds with suspensions of £. stewartii and placed them on 
agar plates. After 2 weeks, the bacteria covered the 
surface of the agar plate surrounding the germinated 
seedlings. None of the seedlings had symptoms of SBW. If 
the seedlings were then mechanically injured, they showed 
typical SBW symptoms in four days. In the same study, 
Ivanhoff transplanted sweet corn seedlings into sterile 
soil in the greenhouse. Seedlings were either directly 
inoculated with the £. stewartii suspension or the 
suspension was poured over the soil. Again, no symptoms of 
SBW were seen unless the seedling leaf tissue or the roots 
were mechanically damaged at the time of inoculation. 
Based on the apparent need for mechanical injury for 
pathogen entry, Frutchey (32) devised an experiment to 
determine the influence of mechanical injury on seed 
transmission of SBW. Sweet corn seeds harvested from 
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diseased plants were surface sterilized by repeated rinsing 
in alcohol, mercuric chloride, and sterile water. 
Germination was initiated in a rag doll. When the epicotyl 
and hypocotyl had begun to emerge, a sterile needle was 
pushed twice through the chalazal region into the embryo 
and thus damaging some of the vascular tissue. Seedlings 
were transplanted into sterile soil in the greenhouse. 
Using 7 lots of sweet com seed, the average percentage of 
symptomatic com seedlings increased from 8% to 28%. It 
was suggested that numerous soil inhabiting insects that 
feed on corn seeds and seedlings could mechanically 
transport the bacteria from an infected seed to a healthy 
seedling. Direct evidence for seed transmission of SBW is 
limited. In greenhouse tests where insect vectors were 
excluded. Rand and Cash (74) in 1933 reported 3 SBW 
symptomatic seedlings from 23 seeds harvested from a badly 
infected ear and 1 symptomatic seedling from 54 seeds 
harvested from several badly diseased ears. Also, 2 quarts 
of seed from diseased sweet corn plants were grown in the 
greenhouse. Two percent of the seedling were reported to 
have SBW symptoms. In another study, Frutchey (32) 
surfaced sterilized 500 seeds harvested from symptomatic 
sweet corn plants and plated them on sterile agar slants in 
large test tubes. By the time the seedlings were 4 inches 
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in length » 53 had SBW symptoms. He reported recovery of jg. 
S t e w a r t ! i  f r o m  a l l  s y m p t o m a t i c  p l a n t s .  O t h e r  r e p o r t s  ( 2 6 ,  
32, 73, 74) of seed transmission are inconclusive because 
of £. Stewartii-infected plants in the controls or present 
only circumstantial evidence. Much of the circumstantial 
evidence for seed transmission has been reviewed by Elliott 
(26) where she discusses how commercial sweet corn fields 
have become infected with SBW after planting with seed 
originating from a SBW affected field. Clear evidence for 
seed transmission in the field has not been reported for 
sweet corn or dent corn. 
£. stewartii is a yellow-pigmented, nonmotile, non-
flagellate, nonspore-forming, capsule-forming, gram-
negative rod shaped bacterium measuring 0.4-0.8 um by 0.9-
2.2 um (43, 73). £. stewartii colonies on nutrient glucose 
agar are typically cream-yellow, lemon-yellow, or orange-
yellow. Ivanoff (42) associated these three colors with 
the following three colony types: smooth surfaced flat 
colonies with membranous consistency, smooth or 
concentrically ringed raised colonies that are viscid, or 
smooth or crateriform and slightly rough convex colonies 
that are butyrous to butyrous viscid. He and others (73) 
also associated pathogenicity with the smooth, spreading, 
mucoid colony types and avirulence with the smaller, rough. 
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raised, and drier colony types (73). 
Lincoln (53, 54) and others (73) found that £. 
Stewart!1 became less virulent after several transfers on 
agar media. Lincoln also noted that virulence of the 
bacteria recovered from inoculated corn plants was directly 
correlated with the level of host plant resistance. 
Garibaldi and Gibbons (34) reported that incubating £. 
Stewart!i cultures at 37 C induced numerous nonpigmented 
mutants that were avirulent. Bradshaw-Rouse et al. (12) 
found a negative correlation between agglutination of £. 
Stewart!i with corn agglutinin and pathogenicity. They 
observed that virulent strains were fluidal and had 
capsules while avirulent strains were butyrous and 
nonencapsulated. Washing the virulent strains by 
centrifugation caused them to be agglutinated more readily 
but washing did not affect agglutination of the avirulent 
strains. They speculated that agglutination of the 
bacteria inside the plant might interfere with bacterial 
growth and dispersal resulting in a reduced ability to 
colonize the plant. 
Coplin has been involved with several other authors 
(12, 18, 30, 31, 61) in studying the molecular genetics of 
pathogenicity of £. Stewart1! and has shown that £. 
Stewart!! generally has 11-13 plasmids which make up 20-25% 
of its genome. However, no size class of plasmid could be 
associated with antibiotic activity, heavy metal 
resistance, carbohydrate utilization, bacteriocin 
production, or pathogenicity. Coplin isolated 8 nonwater-
soeUcing avirulent mutants resulting from integration of Mu 
pf7701 into the bacterial chromosome. A gene library has 
been constructed in cosmid pVKlOO which has been used to 
complement avirulent mutants Mul4110 and MU2B70, thus 
restoring their water-soaking ability and extracellular 
polysaccharide production. 
The most effective means of control of SBW has been 
the introduction of resistant hybrids (73). Braun (14) 
examined ultrastructural differences between SBW infected 
resistant and susceptible lines. He noted that although 
rates of growth of the bacteria were similar in resistant 
and susceptible lines, lesion size expanded 3-4 times more 
rapidly in the susceptible line than in the resistant. 
Four different kinds of deposits, assumed to be of host 
origin, were found more frequently in the vessels of 
resistant than susceptible plants. It was proposed that 
they might have a role in restricting the bacteria. 
Numerous studies (10, 11, 16, 55, 103) have compared 
different methods, times, and routes of inoculation of corn 
germplasm for determining disease resistance. The common 
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theme in the useful procedures was that they involve 
mechanically damaging leaf or stalk tissue to allow the 
bacteria access to the vascular system of the plant. It 
appears that 2 dominant major genes and probably 1 
modifying gene (45, 73) determines resistance to SBW. 
Various studies (33, 71, 72, 73) have shown a positive 
correlation between resistance to SBW and Goss' Wilt, 
Northern Corn Leaf Blight, and Erwlnla zeae but not rust 
resistance. Tripaannm has been identified as a source of 
resistance to SBW for corn (104). 
Both sweet corn and dent com breeding programs now 
routinely screen their germplasm for resistance to SBW. 
The use of insecticides to control the corn flea beetles, 
the major insect vector, has been a much less effective 
means of control although, between 1978 and 1981, soil 
insecticides were used on 10% of the sweet corn acreage in 
New York (93) to control the corn flea beetle and other 
insects. Carbofuran (8, 40, 80), applied to the soil at 
planting time has been the most effective. Other chemicals 
such as carbaryl, methoxychlor, and diazinon (56, 58) are 
recommended for controlling feeding of flea beetle on sweet 
corn. 
The use of antibiotic sprays reduced the incidence of SBW 
but did not increase yields (73). Woods et al. (106) have 
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Isolated a bacteriophage that attacked 8 of 13 strains of 
£. Stewartii it was tested against from the com flea 
beetle. The use of this or other bacteriophages for 
control of SBW needs further study. 
Stevens (92) developed a forecasting procedure to 
estimate the potential for SBW outbreak. The procedure is 
based on the sum of the average monthly temperatures for 
December, January, and February. The number of over 
wintering corn flea beetles, which serve as a source and a 
vector of the initial inoculum, increase with increases in 
the sum of the mean monthly temperatures. This forecasting 
procedure has now been computerized (15). 
On the assumption that seed transmission of SBW occurs 
in the field, the use of disease-free seed has been a 
recommended control practice. Fifty countries have 
phytosanitary restrictions for £. stewartii in corn seed. 
A rapid and reliable procedure to screen large numbers of 
corn seed lots for £. stewartii for domestic or export use 
has not been reported (62). The Seed Science Center at 
Iowa State University, uses a growout test to detect seed-
borne £. stewartii in corn seed. Expression of disease 
symptoms under the conditions of the test is questionable. 
Some testing laboratories have recommended the use of semi-
selective media reported by Ivanoff (42) or Guo et al. (37) 
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for seed testing. Although these media do restrict the 
growth of fungi and show some selectivity for Erwinia spp., 
they do not differentiate between the fast growing Erwinia 
herbicola (88, 91) which is a common epiphyte on all plant 
material in nature and the much slower growing £. 
stewartii. In mixed culture, £. herbicola may quickly mask 
the presence of £. stewartii. £. stewartii can be 
distinguished from £. herbicola by its lack of motility and 
its inability to ferment maltose, rhamnose, salicin, and 
dextrin (88). The recommended confirmation procedure has 
been a pathogenicity test on susceptible corn seedlings. 
Antibiotics, copper sulfate, herbicides, mercury 
chloride, formaldehyde, alcohol, and other materials have 
been tested as seed treatment materials to eliminate seed-
borne inoculum or to protect young corn seedlings from 
infection (7, 62, 69, 73, 74, 77, 89). The effect of seed 
treatment on seed putatively infected with £. stewartii was 
inconclusive. Seedling infection was not eliminated in 
treated samples and control plants either became infected 
from extraneous sources (74) or were not included in the 
experiment (89). Natti (69) found that streptomycin seed 
treatment provided limited control of SBW when corn 
seedlings in the 3 leaf stage were mechanically inoculated 
in the greenhouse. However, the streptomycin, as with 
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several of the other materials tested, needed to be applied 
at a rate that was phytotoxic to be effective. Rand and 
Cash (74) pointed out the thermal death point of £. 
stewartii is approximately 53 C and proposed dry heat 
treatments of infected seed at 60 C should be sufficient to 
kill the seed-bome bacteria. Putatively infected seed was 
exposed to 3 hours of 70 C or to 3 or 6 hours at 80 C of 
dry heat and planted in the field. Results were 
inconclusive due to £. stewartii infection from extraneous 
sources of all treatments and controls. Natti (68) also 
investigated foliar applications of antibiotics to control 
SBW in the field. Applications of streptomycin had no 
therapeutic effects on naturally £. stewartii infected 
seedlings but did provide some control of spread from plant 
to plant. Antibiotics and surfactants had to be applied at 
phytotoxic rates to £. stewartii inoculated corn seedlings 
in the greenhouse (105) to have even a limited effect on 
infection. 
Starr (91) in 1983 suggested that serology might be a 
useful identification and diagnostic tool for the Erwinia 
spp. Historically, little is known about the serology of 
£. stewartii. In 1940, McNew and Braun (63) produced 
polyclonal antibodies to 11 strains of £. stewartii with 
varying degrees of pathogenicity. Antisera derived from 
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highly virulent and slightly virulent bacteria were used in 
an agglutination test of 98 £. stewartii isolates from 27 
naturally infected maize plants with varying levels of 
resistance. Ninety-three of the isolates agglutinated in 
both antisera, 3 did not agglutinate at all, and 2 
agglutinated in one antiserum or the other but not both. A 
screen of the immunizing strains of £. stewartii strains 
showed no correlation between agglutination and colony 
characteristics, physiologic ability, or degree of 
virulence. Five other species of plant pathogenic bacteria 
were tested for agglutination with 3 of the antisera. None 
of them agglutinated suggesting the antisera had some 
degree of specificity for £. stewartii. Further testing of 
the nonagglutination reaction indicated that the antibodies 
could be absorbed out of those antisera by the 
nonagglutinating isolates (13). This indicated the 
antibodies were recognizing the nonagglutinating isolates 
even though they were unable to agglutinate them. 
In 1975, Garibaldi and Gibbins (34) induced small 
colony and white variants of jg. stewartii strain SS104 by 
incubating them at supraoptimal temperatures. The white 
variants were avirulent and had an additional band in an 
immunodiffusion test of diffusible antigens that did not 
occur in the virulent parent strain. In 1983, Slade and 
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Tiffin (88) conducted a biochemical and serologic study of 
the Erwlnia spp. but unfortunately did not produce 
antibodies to £. stewartii. 
Immunoassays 
Serological identification of bacteria has been widely 
used in medicine (57). The adaptation of this technology 
to plant pathology has been the subject of numerous reviews 
(9, 17, 39, 81, 100). Each bacterium contains a complex 
array of antigens. Plant pathologists have used whole 
bacteria, polysaccharides, membrane proteins, enzymes, 
ribosomes, flagella, and other bacterial preparations as 
immunogens (21, 48, 81, 90, 93, 95, 97). Polyclonal 
antibodies are often produced by suspending the immunogen 
in a buffer and/or emulsifying it in an adjuvant. Then it 
is injected either intramuscularly, subcutaneously, 
intraperitonealy, or intravenously (47). After a few 
weeks, during which the animal develops a primary immune 
response, a second or a series of hyperimmunizations is 
performed to induce a high titered secondary immune 
response. After the blood has been collected, the red 
blood cells are removed by centrifugation. Depending on 
the application, the antisera can be used directly or 
further purified by precipitation and/or affinity 
chromatography. 
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Some of the difficulties associated with serological 
assays have Included cross-reactivity between bacterial 
strains and maintenance of a uniform supply of antibodies 
for use in standardized procedures. Cross reactivity 
occurs when antibodies react with a bacterial strain other 
than the immunizing strain. When an animal is immunized 
with a bacterial preparation, antibodies are produced 
against the numerous antigenic sites or epitopes in the 
preparation. The antisera collected, therefore, contain 
antibodies against an assortment of epitopes. If any of 
these epitopes are shared by any other bacteria, the 
potential for cross reactivity exists. To further 
complicate this, each immunized animal may produce a 
different array of antibodies to the same immunizing 
preparation and even the sera from bleedings at different 
times from the same animal may react differently. These 
variations have made it difficult to develop a standardized 
serological testing procedure that could be used in 
multiple laboratories over time. 
In 1975, Kohler and Milstein (49) first described the 
procedures for producing monoclonal antibodies. The 
technology was based on the clonal theory (47) which says 
that individual B cells produce antibodies with a single 
idiotype. B cells from the spleen of an animal immunized 
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with the antigen of interest are fused with myeloma cells 
(99). The resulting fused cells, termed hybridomas, can be 
cultured. By limiting dilution, hybridoma cell lines 
originating from a single fused cell can be selected and 
screened for production of the monoclonal antibody of 
interest. The advantages of monoclonal antibodies are that 
they can be individually screened for specific serological 
activity, all monoclonal antibodies from a hybridoma are 
the same idiotype and isotype, and the cell line can be 
frozen and retrieved for future production of the same 
monoclonal antibody. 
Polyclonal and monoclonal antibodies have been used in 
immunodiffusion, agglutination, immunofluorescence, and 
enzyme immunoassays for identification and/or detection of 
plant pathogenic bacteria (1, 2, 46, 81, 86, 96, 101, 102, 
107, 108, 109). The specific application often determines 
which assay is used. Recently, the enzyme-linked 
immunosorbent assay (ELISA) has been the most widely used 
for detection of all types of plant pathogens in plant 
material. Reasons for its acceptance are high sensitivity 
(the response to change in antigen concentration), 
detectability (the ability to detect small quantities of 
antigen), and specificity; equipment is relatively 
inexpensive; assays may be rapid and simple; results are 
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highly reproducible; evaluation is objective; assays are 
feasible under field conditions; there are no radiation 
hazards; reagents are relatively cheap and have a long 
shelf life; and the wide variety of enzymes available allow 
for versatility in the assay (98). Two general types of 
noncompetitive, solid phase ELISA procedures are often used 
for bacterial plant pathogens. In the first procedure, 
used when the bacteria or the antigens are available in a 
purified form, the antigen is nonspecifically attached to 
the solid phase using a high pH sodium carbonate buffer. 
Ovalbumin or nonfat dried milk (BLOTTO) (44) are used as 
blocking agents to cover any additional reactive sites on 
the solid phase not taken up by the antigen. Next, the 
specific antibody for the bacterial antigen of interest is 
added. This antibody may or may not be conjugated to an 
enzyme. If the antibody is labeled, the next step is to 
add the substrate for the enzyme. The enzyme substrate 
reaction yields a colored product making the ELISA a 
colorimetric assay. If an unlabeled specific antibody is 
used, it is followed by an enzyme-labeled species-specific 
anti-immunoglobulin antibody, which can be purchased 
commercially, and the substrate. The labeled anti­
immunoglobulin avoids the conjugation of the specific 
antibody which may, in some cases, alter its serological 
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activity (98). The signal may be enhanced since several 
anti-immunoglobulin antibodies may attach to one specific 
antibody. The other commonly used ELISA, often called a 
double sandwich ELISA, is similar except that a specific 
capture antibody has been nonspecifically attached to the 
plate followed by the blocking agent, and then the 
bacterial antigen. The advantage of using this procedure 
is that it selectively captures the antigen from 
contaminating sample material. ELISA results can be 
quantified by developing a standard curve which relates 
absorbance of the reaction product to bacterial 
concentration in a set of controls. One difficulty that 
has been identified with serological assays has been that 
they do not distinguish between viable and nonviable 
bacteria (19) but rather the presence or absence of the 
antigen associated with the bacteria. 
Serological tests have been developed to detect seed-
borne bacteria, fungi, and viruses (20, 23, 29, 46, 48, 59, 
67, 75, 82, 86, 101, 102) in bean, cabbage, lettuce, 
soybean, spruce, and other seeds. The usefulness of the 
assay resides in the specificity of the antibodies for the 
target organism and the range of isolates or strains of the 
target organism that the antibodies recognize. This 
information is critical and needs to be established prior 
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to development of a seed assay. A large number of 
isolates, especially those that are expected to be 
encountered in the final assay, should be screened for 
cross reactivity. However, as pointed out by De Boer et 
al. (20), it is impossible to screen all bacteria for 
possible cross-reactivity. Therefore, even putatively 
highly specific antibodies can cross react. Each type of 
assay must be individually optimized to minimize 
interference in the antigen-antibody reaction or high 
background reactions that can be caused by the presence of 
large amounts of seed tissue (41). Once the procedure has 
been optimized, the detectability limits need to be 
determined. This information, along with quantitative 
information on the number of infective propagules per seed 
and the average number of infected seeds in a contaminated 
lot, is required to establish the sample size and 
confidence limits for the seed assay (35, 50, 79, 83, 94). 
Russell (79) indicates that a zero rate of infection can 
never be predicted by testing a subsample. However, by 
collecting the data described, the probability of having 
the minimum number of infected seeds detectable in a 
subsample and the probability of being able to detect those 
infected seeds in that subsample can be calculated (35). 
Appropriate controls must always be included to preclude 
Il 
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both false positives and false negatives. Pathogenicity 
tests, where possible, help to identify avirulent bacterial 
strains or cross-reactive strains. Schaad (83) states that 
the importance of the seed-bome inoculum must be 
established before tolerance levels for planting or 
quarantine can be established. Correlations between any 
leQsoratory seed assay and events in the field are necessary 
to establish the validity of the test. 
Rationale and Objectives 
Stewart's bacterial wilt of corn caused severe 
economic damage in the 1930s but has since primarily been 
controlled by the use of resistant hybrids (73). 
Occasional outbreaks still occur (4, 5, 6). The disease 
has been shown to be seed transmitted once in the 
laboratory and once in the greenhouse (32, 77). Only 
circumstantial evidence exists that it is seed transmitted 
in the field (26). Currently the Iowa Department of 
Agriculture, which issues phytosanitary certificates, 
reports 50 countries (personal communication John Harri, 
Iowa Dept. of Agriculture, Wallace Building, Des Moines, 
lA) have phytosanitary restrictions on the importation of 
corn seed containing £. stewartii. The growout test 
conducted by the Seed Science Center at Iowa State 
University for seed-borne £. stewartii is slow and of 
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questionable accuracy. A quick and reliable assay for 
seed-borne £. stewartii is not available (61). 
Advancements in bacterial identification and detection are 
being made by using selective media, serology, DNA 
hybridization, and fatty acid analysis (22, 36, 37, 42, 60, 
64, 65, 66, 78, 84, 85). The selective media that have 
been developed do not distinguish between the closely 
related saprophytic and cosmopolitan £. herbicola and £. 
stewartii. DNA hybridization probes for bacteria have 
proven to be very specific and can detect small amounts of 
DNA but use radioisotope labeling. The procedure requires 
the use of trained technicians, expensive laboratory 
equipment, and radioactive materials. Enzyme labeling 
technology is currently being developed for DNA probes (52, 
76) which will make them much more adaptable in the future. 
Fatty acid analysis also requires the use of expensive 
equipment and a purified sample making it unsuitable for 
seed assays. Quick and sensitive antibody based assays 
have been successfully developed for numerous seed-borne 
diseases (20, 23, 29, 46, 48, 59, 67, 75, 86, 101, 102). 
This technology has also been formatted into kit form by 
commercial companies for plant disease diagnosis in the 
field using symptomatic plant tissue. 
The purpose of this study was to produce antibodies 
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specific for £. Stewartii and to develop a protocol for 
their use in a seed assay. This protocol would serve as 
the basis for development of a quick and reliable 
commercial seed assay for seed-borne £. stewartii. The 
antibodies would have future application for accurately 
quantifying the amount of seed-borne £. stewartii in sweet 
and dent corn seed and could be used to monitor seed 
transmission and dispersal in the field. This type of 
information would give us considerable insight into whether 
the current phytosanitary restrictions concerning Stewart's 
bacterial wilt of corn are appropriate. 
Explanation of Thesis Format 
This thesis is comprised of a general introduction, 
two papers entitled, "Production and Specificity of 
Polyclonal and Monoclonal Antibodies for Erwinia stewartii. 
The Causal Agent for Stewart's Bacterial Wilt of Corn" and 
"Development of an Immunosorbent Assay for Seed-Borne 
Erwinia stewartii in Corn Seeds", a general summary, 
additional literature cited, and acknowledgments. The 
papers will be submitted for publication to Phytopathology. 
The doctoral candidate G. L. Lamka will be the senior 
author with Dr. J. H. Hill, Dr. D. C. McGee, and Dr. E. J. 
Braun as coauthors. 
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PAPER #1: 
PRODUCTION AND SPECIFICITY OF POLYCLONAL AND MONOCLONAL 
ANTIBODIES FOR ERWINIA STEWARTII, THE CAUSAL AGENT OF 
STEWART'S BACTERIAL WILT OF CORN 
Abstract 
Polyclonal and monoclonal antibodies to the virulent 
Erwinia Stewartii strain SS104 were produced in rabbits and 
mice respectively, and used in a double sandwich ELISA 
(polyclonal antibodies) or an indirect ELISA (monoclonal 
antibodies). Specificity of the polyclonal and monoclonal 
antibodies was determined by testing 167 bacterial strains 
in the two protocols. All 44 £. atewartii strains tested, 
including 4 avirulent strains, were positive in both 
protocols. None of 17 bacterial strains, comprising 6 
different bacterial genera found on plants, cross reacted 
in either assay. However, of 106 strains collected from 
corn plants and seeds which were determined not to be 
virulent £. Stewartil. 7 strains cross reacted in the 
double sandwich ELISA using the polyclonal antibodies. One 
of these strains appeared to cross react in the indirect 
ELISA but the reaction was shown to be an interaction with 
the antimouse immunoglobulin rather than the specific 
monoclonal antibody. 
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Introduction 
Erwlnla atewartii (Smith) Dye is the causal agent of 
Stewart's bacterial wilt (SBW) of com mays L.)« The 
disease caused severe economic losses in the 1930s but 
since then has been effectively controlled by resistant 
hybrids (10). Occasional outbreaks have occurred in recent 
years in Canada (1) and Italy (2). The bacterium 
overwinters in mature corn flea beetles (Chaetocnema 
pulicarla Melsh.) which feed on young corn plants in the 
spring and infect them with £. atewartii. The disease 
tends to be more prevalent after unusually warm winter 
temperatures that improve the survival rate of the corn 
flea beetle vector (11). 
SBW has been reported to be seed transmitted (8, 10), 
although direct evidence for this is confined to laboratory 
studies. Despite the lack of evidence for seed 
transmission in the field, over 50 countries have 
phytosanitary restrictions for £. atewartii on corn seed to 
avoid introduction of the pathogen. Export restrictions 
require either a field inspection of the growing crop for 
symptoms of SBW or a laboratory seed health. The current 
laboratory test, a growout procedure, is unreliable (8). 
Serological techniques offer a possible means for 
developing a rapid, reliable seed health test for this 
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pathogen. Improved detection assays for £. stewartii would 
have immediate application for seed health testing and 
could be used to further study the role of seed-borne £. 
stewartii in the disease cycle. 
The objective of this study was to produce and 
characterize antibodies that could be used to develop a 
rapid and reliedsle immunosorbent assay for £. stewartii. 
Materials and Methods 
Bacterial strains 
The bacterial strains used in this study included 
strains of £. stewartii that had been isolated across the 
United States, 28 wild-type strains of £. stewartii (SW87-1 
through SW87-28) obtained from corn leaves showing 
Stewart's wilt symptoms in production fields in 1987 in 
Iowa, a series of unidentified bacterial strains from corn 
leaves and corn seed originating in Iowa, and various other 
plant-associated bacterial strains from culture collections 
at Iowa State University (Table 1). 
All strains were tested for pathogenicity on corn 
seedlings (3, 4, 14) of either Â632 dent corn or Hybrid 
Pride of Canada (HPC) sweet corn grown in the greenhouse in 
pasteurized soil. Cultures were grown on nutrient agar 
(Difco Laboratories, Detroit, MI) containing 0.05% antifoam 
B (Sigma Chemical Co., St. Louis, Missouri) for 48 to 72 
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hours and then suspended in sterile phosphate-buffered 
saline (0.02 N NagPO^, 0.85% NaCl, pH 7.2) (PBS). A 0.01 
ml aliquot of a cloudy bacterial suspension was Injected 
into plants approximately 1-2 cm above the soil line at the 
4-5 leaf stage. A virulent strain of £. stewartii was used 
as a positive control and sterile PBS was used as a 
negative control. The com seedlings were periodically 
inspected for 14 days for characteristic symptoms of SBW. 
Preparation of antibodies 
Polyclonal antibodies to £. stewartii. strain SS104, 
were produced in New Zealand white rabbits by immunization 
with whole live bacterial cells or protein extracts of pure 
cultures of £. stewartii. Whole live bacterial cells were 
prepared by growing £. stewartii in liquid NMC medium (R. 
Carlson and A. K. Vidaver, personal communication) (60 g 
NagPO*, 30 g KH2PO4, 10 g NH4CI, 1 g L-glutamine, 1 mg 
nicotinic acid, 0.1 mg thiamine, 0.01 mg biotin, 0.2 g DL-
methionine, 0.25 g MgSO^, and 10 g glucose per liter of 
distilled water) and harvesting them during logarithmic 
growth phase by centrifugation at 12,100 g for 10 minutes. 
The bacteria were resuspended in sterile PBS, washed 3 
times by centrifugation, and the pellet resuspended in PBS 
for whole cell samples or 0.2 M LiCl (15) for protein 
extract samples. 
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The primary immunization with whole cells was by a 
subcutaneous injection of 10^ bacteria (determined by 
optical density at 540 nm) in 1 ml of PBS emulsified in 1 
ml of Freund's complete adjuvant. Subsequent subcutaneous 
injections of the bacteria were made at 3, 6, 10, 16, 29, 
and 41 weeks but were prepared in Freund's incomplete 
adjuvant. 
Protein extracts were prepared by incubating the 
bacteria in the LiCl solution overnight at 4 C, and then 
gently shaking it for 2-3 hours at 45 C. The suspension 
was centrifuged for 30 minutes at 12,100 g and the 
supernatant centrifuged at 100,000 g for 2 hours to yield 
proteins from the outer bacterial membrane. The pellet was 
resuspended in sterile PBS and the protein concentration 
determined spectrophotometrically using For the 
primary immunization, 0.5 mg of protein in 1 ml of sterile 
PBS emulsified in 1 ml of Freund's complete adjuvant, was 
administered intramuscularly. Subsequent intramuscular 
injections of 2 mg of bacterial protein in 0.25 ml of PBS 
were made at 3, 6, 11, 15, 25, and 43 weeks prepared in 
0.25 ml of Freund's incomplete adjuvant. 
For both whole cell and protein immunizations, 30 cc 
of blood was collected by cardiac puncture from the rabbits 
at approximately 10 days and 20 days after each Injection. 
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Antibodies were purified by a series of 3 ammonium sulfate 
precipitations and protein A affinity chromatography (6, 
12). Normal serum, collected before the first 
immunization, was used as a negative control. 
For production of monoclonal antibodies whole live 
cells of £. Stewartii were prepared as described. A 0.1 ml 
suspension of the bacteria (1 x 10^ cfu per ml) was 
injected intraperitoneally into separate BALB/c mice. 
Three weeks later mice, that tested positive for antibody 
production by an indirect enzyme-linked immunosorbent assay 
(ELISA), were injected in the tail vein with 10^ £. 
stewartii in 0.1 ml of sterile PBS. After three days, 
mouse spleen cells were fused with Sp2/0-Agl4 myeloma 
cells, as described previously (13). The primary 
hybridomas, and all cloned cell lines, were screened for 
antibody production by indirect ELISA. Antibody secreting 
hybridomas were cloned by limiting dilution. Cloned 
hybridomas, that produced antibodies which recognized whole 
£. stewartii cells were increased in culture to produce 
antibodies for further preliminary screening and isotyping 
as previously described (5, 6, 12). Potentially valuable 
hybridoma cells were harvested from growth media by 
centrifugation and injected into pristane primed mice for 
ascitic fluid production. The monoclonal antibodies were 
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purified using protein A chromatography (5, 6, 12). 
ELISA procedures 
All strains in Table 1 were screened in a double 
sandwich ELISA procedure using polyclonal antibodies, and 
in an indirect ELISA using monoclonal antibodies. Strains 
were first grown for 48 hours on nutrient agar (Difco) 
containing 0.05% antifoam B (Sigma). Cells were flushed 
from the surface of the agar with PBS and washed by 
centrifugation 3 times as described. The final bacterial 
pellet was divided and resuspended in either PBS or in 
sodium carbonate buffer (0.05 M sodium carbonate, pH 9.6). 
Both assays were carried out at 20 C in Immulon I plates 
(Dynatech Laboratories, Inc., Chantilly, Virginia) which 
were incubated in each step for at least 1 hour except for 
substrate development which was read when sufficient yellow 
color had developed. Volumes 50 ul per well were used for 
all reagents except the blocking agent, BLOTTO (7) (5% 
nonfat dry milk prepared in PBS containing 0.05% Tween 20, 
(0.03% antifoam A, and 0.02% NaNg, PBS-Tween)), which was 
added at 100 ul per well. Plates were washed 3 times with 
PBS-Tween between steps. Alkaline phosphatase was used to 
label the polyclonal antibodies for use in the double 
sandwich ELISA as described (6, 12) and optimum 
concentrations of the immunoreagents were determined by 
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calculation of the maximum P/N (6). In the indirect ELISA, 
a commercially prepared alkaline phosphatase antimouse 
immunoglobulin was used and the concentrations of the 
immunoreagents determined by calculation of the maximum 
P/N. 
The polyclonal antibodies used in the double sandwich 
ELISA protocol were bound to the microtiter plates in 
sodium carbonate buffer. Wells were blocked with BLOTTO 
and the bacterial samples were resuspended in PBS, pipetted 
into 3 wells per plate, and replicated over 3 plates. The 
alkaline phosphatase-conjugated polyclonal antibody (6, 12) 
was added, followed by the substrate (1 mg per ml of p-
nitrophenyl disodium phosphate in 10% diethanolamine, pH 
9.8). 
In the indirect ELISA using the monoclonal antibodies, 
the bacteria were resuspended in sodium carbonate and bound 
to the microtiter plate wells by incubating for 1 hour at 
20 C or overnight at 4 C. The wells were blocked with 
BLOTTO and hybridoma culture media was added. The latter 
had been diluted with PBS-Tween to an optimum concentration 
(approximately 1:50) as determined by calculation of the 
maximum P/N. Alkaline phosphatase-labeled rabbit antimouse 
IgG (Sigma) then was added, followed by the substrate. 
Strain SS104 of £. stewartii was used as the positive 
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control and Aarobaeterlum tumefaclens and PBS as negative 
controls in the ELISA using polyclonal antibodies. The 
indirect ELISA protocol used the same bacteria that were 
previously used for controls but sodium carbonate buffer 
was substituted for the PBS control. An additional control 
for the indirect ELISA consisted of a set of wells in which 
strain SS104 had been absorbed to the wells but media in 
which SP2/0 cells had been grown, which contains no 
specific antibodies, was substituted for culture media 
containing the monoclonal antibodies. 
Reaction products were measured by absorbance 
determined on a microplate reader at either 410 nm or 405 
nm. The sample mean absorbance was determined by 
calculating the average of the 3 plate means (3 wells per 
plate). Sample means greater than twice the mean 
absorbance of &. tumefaclens. the negative control 
bacterium, were regarded as positive. 
other analyses 
Biochemical profiles of selected bacterial strains 
were determined using the API 20E System (API Analytab 
Products, Division of Sherwood Medical, Plalnvlew, New 
York). Bacteria were grown for twenty-four hours on 
nutrient agar. Sterile applicator sticks were used to 
transfer bacteria by touching single colonies and swirling 
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it in 5 ml of sterile saline in a test tube. Suspensions 
from two colonies from each bacterial strain were thus 
prepared in separate tubes. The bacterial suspensions were 
then added to the cupules on separate API 20E System 
strips. The strips were incubated at 30 C for 18-24 hours 
and then evaluated according to the manufacturer's 
recommended procedures (9). 
Results 
Preliminary screening of nine monoclonal antibodies 
using indirect ELISA indicated that the antibodies from 
hybridoma C/67/B2 recognized 16 different £. atewartii 
strains and did not cross react with 7 other bacterial 
genera (data not shown). Antibodies (IgGg, kappa light 
chain) produced by C/67/B2 were used in this experiment. 
In subsequent tests in which this monoclonal was used in an 
indirect ELISA, a weak positive reaction resulted when high 
concentrations of several different bacterial isolates were 
tested. This nonspecific reaction was eliminated by using 
a standardized bacterial concentration of 10^ cfu per ml 
for all test samples. 
All strains of £. Stewartii from the Ohio and Iowa 
culture collections (Table 1) and those from corn plants 
with Stewart's wilt symptoms gave positive responses in 
ELISA tests with both polyclonal and monoclonal antibodies 
I 
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Table 1 Bacterial strains screened by ELISA 
Strains Designation/Source Collection' 
Brvinia stewartii strains k 
£. stewartii SS104, Illinois, 1967, ICPB" OSU 
n If AS2, Iowa ISU 
II tt 1303, Iowa ISU 
n II DC283, spontaneous SS104 
Nal^ mutant, ICPB 
OSU 
II It DC160, New York, 1976, 
T. Woods ES-3 
OSU 
II II SWl, Ohio, 1974 OSU 
II II SW2, Ohio, 1974 OSU 
II II SW13, Indiana, 1974 OSU 
II II SW14,Indiana, 1974 OSU 
II II SW19, Kentucky, 1975 OSU 
It n SW36, Tennessee, 1975 OSU 
II II SW39, North Carolina, 1975 OSU 
It II SW45, Illinois, 1975 OSU 
II II 6AL8, EPS" spontaneous 
avirulent mutant 
OSU 
II II MU14110, acapsular avirulent 
mutant (Mu pf7701) 
OSU 
II II Hu51, capsular avirulent 
mutant (Mu pf7701) 
OSU 
II II SW87-1 to SW87-28, 28 wild 
type isolates from diseased 
corn plants, Iowa, 1987 
ISU 
ISU, cultures from collections in the Department of 
Plant Pathology and the Department of Microbiology, Iowa 
State University. OSU, cultures received from Dr. David 
Coplin, Ohio State University. 
^International Collection of Phytopathogenic Bacteria, 
University of California, Davis. 
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Table 1 (continued) 
Strains Designation/Source Collection 
Miscellaneous identified bacteria 
£. herbicola ssp. ananas ATCC 8366 ISU 
£. carotovora ssp. atroseptica ECA-1 ISU 
£. carotovora ssp. carotovora ECC495 ISU 
£. chrvsanthemi SR58 ISU 
Erwinia saprophyte DC130 OSU 
Enterobacter aaalomerans GIB ISU 
Enterobacter agglomerans LM2A ISU 
Enterobacter aaalomerans N1646 ISU 
Enterobacter aqglomerans 3135F isu 
AgrobaCterium tumefaciens ISU 
Aarobacterium radiobacter ISU 
Clavibacter michiaanense 
ssp. nebrasKense isu 
Pseudomonas fluorescens ISU 
Pseudomonas marainalis ISU 
Pseudomonas Phaseolicola ISU 
Pseudomonas solanacearum ISU 
Xanthomonas camnestris 
Unidentified bacteria 
16 isolates from corn tissue Field or greenhouse ISU 
grown corn plants 
90 isolates from corn seed Field or greenhouse ISU 
grown corn plants 
62168 Unknown origin ISU 
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(Table 2). With the exception of three strains from the 
Ohio culture collection, all these strains were pathogenic 
to corn seedlings. None of the 17 identified strains of 
other bacterial genera were positive in either ELISA. All 
16 unidentified bacterial strains from corn plants were 
nonpathogenic and had a negative response in the monoclonal 
antibody based indirect ELISA. One of these, however, was 
positive in the ELISA using polyclonal antibodies. Eighty-
three of the 90 strains from corn seeds were not pathogenic 
and had negative ELISA responses in both assays. One of 
the remaining 7 strains (IC-E) from corn seed was weakly 
pathogenic on corn seedlings, causing delayed symptoms (3-4 
weeks) of SBW and was positive in both assays. The other 6 
strains were nonpathogenic and had a positive ELISA 
response using polyclonal antibodies. Five of these, 
however, were negative in the monoclonal antibody based 
indirect ELISA and one (P-53) alternated between 
replications from a negative response to slightly above the 
positive-negative threshold. Both assays were positive for 
the nonpathogenic strain G2168, which was of unknown 
origin. 
The biochemical profiles for three E. stewartii 
strains (SS104, DC283, and 9A), which were included in the 
previous tests, were identical (Table 3). Strain IC-E 
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Table 2 Comparison of pathogenicity and ELISA of selected 
bacterial strains using polyclonal and monoclonal 
antibodies raised to Erwlnla stewartli 
Strains 
Antibody a 
Number Path Polyclonal Monoclonal 
JELa. stewartli 
culture collection 12 
culture collection 3 
from diseased plants 28 
Miscellaneous identified 
bacteria" 
culture collection 17 
+ 
+ 
+ 
+ 
+ 
+ 
ND' 
Unidentified bacteria 
from corn plants 15 
from corn plants 1 
from corn seed 83 
from corn seed 5 
from corn seed (P-53) 1 
from corn seed (IC-E) 1 +/-
+ 
+ 
+ 
+/" 
+ 
unknown origin (G2168) 
The polyclonal antibodies were used in a double 
sandwich ELISA and the monoclonal antibodies in an indirect 
ELISA. Bacterial samples were 50 ul per well tested in 4 
wells per plate and replicated on 3 plates. A (+) indicates 
a positive response (greater than 2X the negative control) 
and (-) indicates a negative response. 
^Determined by observation of inoculated corn seedlings 
in the greenhouse for water soaking and wilt symptoms 
characteristic of Stewart's bacterial wilt. A (+) indicates 
symptoms were observed and (-) indicates symptoms were not 
observed in inoculated corn seedlings. 
°This group includes Gal8, Mul4110, and Mu51 which have 
been identified as being avirulent by Dr. David Coplin, Ohio 
State University. 
^Identified as not being JE. stewartli. 
®Not determined. 
39 
Table 3 Biochemical^ profiles amd motility of selected 
bacterial strains 
Bacterial Strains^ 
Test 
SS104 DC283 9A IC-E G2168 EHA AT 
ONPG P° P P P P P n 
Arginine n n n n n n n 
Lysine n n n n n n n 
Ornithine n n n n n n n 
Sodium Citrate n n n n n P n 
Sod. Thiosulfate n n n n n n n 
Urea n n n n n n n 
Tryptophan 
deaminase n n n n n n n 
Tryptophan n n n n n P n 
Sodium Pyruvate n n n n n P n 
Charcoal Gelatin n n n n n n n 
Glucose P P P P P P n 
Mannitol P P P P P P n 
Inositol n n n n n n n 
Sorbitol P- P- P- P- P- P n 
Rhamnose n n n n n P n 
Sucrose P P P P P P n 
Melibiose P P P- n n P n 
Amygdalin n n n n n P n 
(L+) Arabinose P P P P- n P P-
Oxidase n n n n n n P 
Nitrates n n n n n n n 
Nitrogenous Gas n n n n n n P 
Catalase P P P P P P P-
Motility n n n n n P P 
API 20E System for the identification of 
Enterobacteriaceae, API Analytab Products, Division of 
Sherwood Medical, Plainview, New York. 
stewartii isolates SS104, DC283, and 9 A a 
spontaneous Rif^ mutant isolated from DC283; corn seed 
isolate IC-E; G2168, unknown origin; fi. herbicola ssp. ananas 
(EHA); and tumefaciens (AT). 
°(p) and (n) designate positive and negative results in 
their respective tests, (p-) indicates a weak positive 
result. 
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differed from the £. stewartii strains only in its use of 
melibiose, 62168 differed in use of melibiose and 
arabinose, and both IC-E and 62168 were nonmotile. Erwinia 
herbicola and tumefaciens had very different biochemical 
profiles from £. stewartii and were motile. tumefaceins 
colonies were white when grown on nutrient agar while the 
other six strains were yellow to cream-yellow in color. 
Discussion 
Monoclonal and polyclonal antibodies were made that in 
an ELISA could detect pure cultures of £. stewartii 
isolated from corn plants and seeds. The polyclonal 
antibodies were cross reactive with some of the bacterial 
strains from corn plants and seeds. The use of these 
polyclonal antibodies as detection antibodies, therefore, 
appears to be limited by this lack of specificity. The 
monoclonal antibody appeared to cross react with three 
bacterial strains from corn plants and seeds. The 
biochemical profiles of IC-E and 62168 had only minor 
differences from the other fi. stewartii strains tested. 
Small differences in biochemical profiles of different 
isolates of the same bacterial genera are common and have 
been reported for £. stewartii using the API system (9). 
The overall biochemical profile is the important factor in 
determining the identity of an unknown bacterial isolate. 
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Therefore, the biochemical profiles of IC-E and G2168 
combined with their nonmotility, pigmentation, and 
pathogenicity traits suggest they are a weakly pathogenic 
strain and an avirulent strain of £. Stewartii. 
respectively. This eliminates them as cross reactive 
strains. Additional serological testing of the other 
possible cross reactive strain, P-53, showed that when 
culture media used to support the growth of SP2/0 cells 
(containing no specific antibodies) was substituted for the 
culture media containing the monoclonal antibody, the 
absorbance was not affected (data not shown). This 
indicates that the variable positive/negative monoclonal 
antibody-based indirect ELISA response of strain P-53 was 
the result of an interaction between the P-53 bacterial 
strain and the enzyme-labeled antimouse igG antibody and 
not between the specific monoclonal antibody and P-53. 
Therefore, it is recommended that a control well be 
included in which culture media from SP2/0 cells is 
substituted for the culture media containing the specific 
antibody in an indirect ELISA for each bacterial sample. 
The extensive screening of bacterial strains indicates 
that the monoclonal antibody recognized and are specific to 
a wide range of virulent £. stewartii strains. The 
monoclonal antibody did not distinguish between virulent 
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and avlrulent strains of £. stewartii since It reacted with 
the 3 avlrulent strains from culture and the G2168 strain. 
Although the monoclonal antibody did react with the few 
known avlrulent strains It was tested against, It Is not 
known whether any of the unidentified bacterial strains 
from corn seeds or plants that were not pathogenic on corn 
seedlings were actually avlrulent £. stewartii strains that 
were not recognized by the monoclonal antibody. 
It is not feasible to test all bacterial strains so 
the possibility of cross reactivity with some other 
untested bacterial Isolate always exists. The antibodies 
were not screened against plant pathogenic and saprophytic 
fungi that might be encountered on corn leaf tissue or 
seeds but it is not anticipated that they would have common 
antigenic sites. 
The polyclonal antibodies might be of value as capture 
antibodies in a double sandwich ELISA. This type of ELISA 
procedure is often used for detection of plant pathogens in 
plant material. The use of the rabbit polyclonal 
antibodies for capture, the mouse monoclonal antibody as 
the second antibody, and an enzyme-labeled antimouse 
immunoglobulin for detection in a double sandwich ELISA 
would eliminate the necessity for conjugating an enzyme to 
the monoclonal antibody. Conjugation of an enzyme to an 
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antibody is time consuming and may alter its specificity 
(12). These data suggest the antibodies tested here may be 
suited for an immunosorbent assay for detection of seed-
borne £. stewartii in corn seed. 
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PAPER #2; 
DEVELOPMENT OF AN IMMUNOSORBENT ASSAY FOR 
SEED-BORNE ERWINIA STEWARTII IN CORN SEED 
Abstract 
A double sandwich ELISA, using polyclonal and monoclonal 
antibodies, was developed to detect Erwinia stewartii in 
ground corn seed samples. Detection levels of £. stewartii 
in pure culture and mixed with corn seed tissue were compared 
in four ELISA procedures using polyclonal and monoclonal 
antibodies. The procedure most appropriate for a seed assay 
was a double sandwich ELISA using polyclonal antibodies for 
capture and monoclonal antibodies for detection. This assay 
detected £. stewartii antigen in seed from plants that had 
been inoculated with £. stewartii strain 9A (rif+, nal+) but 
not in seed produced by plants that were not inoculated. It 
was confirmed that viable £. stewartii were present in the 
seedlots that were positive by ELISA by recovery of strain 9A 
on rifampicin and nalidixic acid-amended agar plates. 
Analysis of four hundred individual seeds resulted in a 
strong ELISA response from 8 individual seeds and recovery of 
confluent growth of £. stewartii on respective amended agar 
plates. The other 392 seeds had a lower ELISA response and 
fewer £. stewartii colonies were recovered from 10 of them. 
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Introduction 
Plant quarantine regulations in many countries require 
that imported corn mays L.) seeds be free from Erwinia 
Stewartii (E. F. Smith) Dye, the causal agent for Stewart's 
bacterial wilt of corn (SBW). A seedling grow-out procedure 
(17) is presently used to test seeds for the presence of this 
pathogen. This is based on the assumption that seed-borne £. 
stewartii is transmitted to seedlings on which detectable 
symptoms will be expressed. There is not conclusive proof, 
however, that seed transmission actually does occur in the 
field (5). Evidence is limited to the findings that the 
pathogen was seed transmitted at a rate of 10.9% and 13% on 
agar slants (7) and in a greenhouse (19) respectively. 
Neither of these studies proved that the bacterium was 
present in the seed. Other work of Ivanoff (10) and Frutchey 
(7) would suggest mechanical injury to growing corn seedlings 
is necessary to insure symptom expression from any seed-borne 
E. stewartii. A more reliable assay for seed-borne £. 
stewartii is needed. 
Serological tests have been developed for detection of 
seed-borne bacteria, fungi, and viruses (3, 4, 6, 9, 12, 13, 
14, 16, 18, 20, 22, 24) for several plant species. Because 
polyclonal and monoclonal antibodies to £• stewartii have 
been produced and characterized (15), the present study was 
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undertaken to develop a serological test for £. stewartii in 
corn seeds. 
Materials and Methods 
Isolation of a rifampicin-resistant strain of E. stewartii 
It was necessary to identify a strain of £. stewartii 
that could be detected serologically and could be readily 
recovered from plant tissue. Therefore, a nalidixic acid-
resistant strain of £. stewartii. OC283 (14) obtained from 
Dr. David Coplin, Ohio State University, was screened to 
select a strain that was also rifampicin-resistant. To do 
this, the bacteria were grown on nutrient agar (Difco 
Laboratories, Detroit, MI) containing 0.05% antifoam B (Sigma 
Chemical Co., St. Louis, MO) at room temperature for 24 
hours, then suspended in phosphate-buffered saline (0.02 M 
sodium phosphate, 0.85% NaCl, pH 7.2; PBS), and 0.1 ml of a 
heavy suspension spread on gradient plates (8) of nutrient 
agar overlaid with nutrient agar amended with 50 mg/liter of 
rifampicin (Sigma) and 1% dextrose. Colonies from the 
gradient plates were transferred to nutrient agar plates that 
were either amended or not with 25 mg/liter of nalidixic acid 
(Sigma). Colonies that developed on both media were 
considered to be rifampicin and nalidixic acid-resistant but 
not rifampicin-dependent. Pathogenicity of these strains was 
determined by inoculating Hybrid Pride of Canada (HPC) sweet 
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corn plants grown in the greenhouse in pasteurized soil just 
prior to the tasseling growth stage. Inoculum was prepared 
by suspending 72-hour-old cultures in sterile PBS and 
inoculating corn leaves with a syringe (2). Leaf tissue in 
which typical Stewart's wilt lesions developed was tested for 
the presence of the original strain by grinding the tissue in 
sterile PBS and streaking the suspension on plates amended 
with rifampicin and nalidixic acid. Strain 9A, selected for 
use in the this study, met the criteria of pathogenicity to 
corn and stable resistance to rifampicin and nalidixic acid. 
Production of seeds infected with E. stewartii 
Sweet corn plants (HPC), grown in the greenhouse, were 
inoculated with strain 9A as described (15) or were not 
inoculated. Mature ears were harvested, dried in a small 
laboratory corn drier for 72 hours using unheated air (13% 
moisture or less), and stored at 10 C and 50% relative 
humidity until needed. The inbred line, Â632, was inoculated 
in the field at Ames, Iowa in 1986 and 1987, with strains 9A 
or SS104, the immunizing strain used for antibody production 
in the previous report (15). Ears were harvested, dried, and 
stored as described. 
ELISA test procedures 
Polyclonal antibodies and the monoclonal antibody 
C/G7/B2, specific for fi. stewartii. produced by Lamka et al. 
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(15) were used in these studies. Enzyme-linked immunosorbent 
assays (ELISA) were carried out in Immulon I plates (Dynatech 
Laboratories, Inc., Chantilly, VA). Incubations of all steps 
were carried out in moist chambers for a minimum of 1 hour at 
20 C, except for substrate development, which was read when 
sufficient yellow color developed. All reaction products 
were measured by absorbance at 410 nm using a microplate 
reader. The microtiter plates were washed 3 times between 
steps with PBS containing 0.05% Tween-20 and 0.02% NaNg (PBS-
Tween). Alkaline phosphatase was used to label the 
polyclonal and monoclonal antibodies as described (9, 23) and 
optimum concentrations of the immunoreagents were determined 
by calculation of the maximum P/N (9). All reagents were 
used at a volume of 100 ul per well, except for the blocking 
agent, BLOTTO (11) (5% nonfat dry milk prepared in PBS-Tween 
containing 0.03% antifoam A), which was added at 200 ul/well. 
Four different ELISA protocols (A, B, C, & D) were 
compared. All were double sandwich assays except for ELISA-
D. ELISA-A used polyclonal antibodies for both the capture 
antibody and the alkaline phosphatase-conjugated (Sigma) (9, 
23) second antibody. ELISA-B used monoclonal antibody 
C/G7/B2 for both the capture antibody and for the alkaline 
phosphatase-conjugated second antibody. ELISA-C used 
polyclonal antibodies for the capture antibody, unlabeled 
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monoclonal antibody as a second antibody, and an alkaline 
phosphatase-labeled antimouse immunoglobulin (Sigma) as a 
signal antibody. For all of these double sandwich assays, 
the capture antibody was bound to the wells in 0.05 M sodium 
carbonate buffer, pH 9.6. The wells were blocked with BLOTTO 
and the test sample added. Next the conjugated polyclonal 
and monoclonal antibodies were added in ELISA-A and ELISA-B 
respectively. In ELISA-C, the unlabeled monoclonal antibody 
was added after addition of the test sample followed by the 
labeled antimouse immunoglobulin. Finally, substrate (1 
mg/ml p-nitrophenylphosphate in aqueous 10% diethanolamine, 
pH 9.8) was added to the wells in all the assays. In the 
fourth protocol, ELISA-D, the test sample was bound directly 
to the microtiter plate in carbonate buffer. The wells were 
blocked with BLOTTO. Unlabeled monoclonal antibody was added 
followed by the alkaline phosphatase-labeled antimouse 
immunoglobulin and then substrate. 
Preparation <?f seed samples f<?r ELISA 
Procedures for detecting fi. stewartii by ELISA in bulk 
corn seed samples were examined using seed from A632 plants 
grown in the field in 1986. Five hundred-seed samples were 
obtained from ears in storage from both plants inoculated and 
plants not inoculated with strain SS104. Seeds were surface 
sterilized for 1 minute in 0.5% NaOCl, and rinsed 3 times in 
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sterile distilled water. After soaking overnight at 4 C in 
300 ml of PBS containing 0.02% NaNg, the seed was ground in a 
food blender (Model 854.38J, Oster Corporation, Milwaukee, 
WI) for 1 minute, the suspension filtered through a single 
layer of cheesecloth, and a 50 ml subsample of the filtrate 
centrifuged at 1085 x g for 10 minutes at 5 C. The 
supernatant was decanted and the pellet resuspended in PBS in 
approximately one eighth of the previous volume. The ELISA-A 
protocol then was used to test four 100 ul samples from the 
PBS soak solution, the ground seed suspension, the 
supernatant, and the resuspended pellet in order to determine 
which sample preparation would yield the maximum P/N. 
Detection limits of ELISA protocols 
The limits for detection of £. stewartii in seeds by 
ELISA protocols A, B, C, and D were determined using 
suspensions of seed tissue amended with a range of 
concentrations of E. stewartii. The seed suspensions were 
prepared from 40 g samples of corn seeds harvested from 
plants from the field (A632) and from the greenhouse (HPC) 
that were not inoculated with bacteria. Seeds were surface 
sterilized in 70% ethanol for 1 minute, rinsed 3 times in 
sterile distilled water, and ground for 1 minute in 125 ml of 
PBS containing 0.02% NaN^ using a Polytron homogenizer (probe 
PT 10/35; Brinkman Instrument Co., Cantiague Road, Westburg, 
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NY). The seed suspensions were strained through a single 
layer of cheesecloth and the filtrates centrifuged as 
described. The supernatant from each group of seeds was 
dispensed in 1 ml volumes into two separate sets of test 
tubes. A third set of control tubes contained 1 ml of PBS 
per tube. 
A 10-fold dilution series of strain SS104 was prepared 
in sterile PBS from a 24-hour-old culture. The concentration 
at each dilution was determined by plating. One ml from each 
bacterial dilution was added to separate tubes containing the 
two seed supernatants and to a PBS control tube. Each tube 
was mixed well and 100 ul samples were transferred from each 
tube to 3 wells of a microtiter plate. Assays were performed 
using ELISA-A, ELISA-B, and ELISA-C protocols and were 
replicated on three microtiter plates. The absorbance value 
above which the bacteria were considered to be detected was 
established graphically as twice the absorbance of the 
respective unamended diluents. 
In a second experiment, the detection limit of the 
ELISA-C protocol was compared with that of ELISA-D. Seed 
tissue was prepared as described except that, for ELISA-D, 
the seed supernatant was prepared in sodium carbonate buffer. 
Also, a set of control tubes were prepared for ELISA-D that 
contained 1 ml of sodium carbonate buffer. Strain SS104 was 
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grown and suspended in PBS as described. It then was divided 
into two equal volumes and the bacteria concentrated by 
centrifugation at 12,100 x g for 10 minutes at 5 C. The 
supernatants were discarded, one pellet was resuspended and 
serially diluted in sterile PBS for use in ELISÂ-C, and the 
other resuspended and serially diluted in an equal volume of 
sodium carbonate for use in ELISA-D. The bacterial dilutions 
were then added to the seed supernatants and control tubes as 
described. Bacterial populations were determined by plating 
the bacteria resuspended and serially diluted in PBS. 
ELISA tests on bulk seed samples 
Seed supernatants were prepared, as described, from 
samples of 40 g of seed harvested from HPC plants either 
inoculated or not inoculated with the rifampicin and 
nalidixic acid-resistant strain 9A. The ELISA-C was used to 
test the supernatants. The supernatant from each sample was 
pipetted into 4 wells on a microtiter plate and replicated on 
3 plates. To test for the presence of viable £. stewartii. 
0.1 ml of each supernatant was spread onto sets of two 
nutrient agar plates amended with 50 mg/L of cycloheximide; 
cycloheximide and 25 mg/L nalidixic acid; or cycloheximide, 
nalidixic acid, and 50 mg/L of rifampicin. Four bacterial 
strains recovered from seed harvested from plants that had 
been inoculated and two strains from seed from plants that 
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had not been inoculated were randomly selected and 
identified. Diagnostic tests used were Gram stain; motility, 
hanging drop technique; and production of extracellular 
polysaccharide production, colony growth on nutrient agar 
amended with 1% glucose (21). Pathogenicity was determined 
by inoculating corn seedlings in the greenhouse (1, 2) with 
cultures grown for 72 hours and suspended in sterile PBS. 
The strains were also tested in an indirect ELISA using the 
monoclonal antibody as previously described (15). 
ELISA tests on individual corn seeds 
ELISA-C was used to assay single seeds in samples of 200 
seeds harvested from A632 plants inoculated in the field with 
strain 9A and from HPC plants inoculated in the greenhouse 
with strain 9A. Seeds were individually surface sterilized 
in 70% ethanol for 1 minute and rinsed 3 times with sterile 
distilled water. Each seed was then placed in a sterile 1.5 
ml microcentrifuge tube and fractured by squeezing the tube 
with a pliers. One ml of sterile PBS was added to each tube, 
which was gently shaken for 22 hours at 20 C. Samples of 100 
ul of the liquid suspension from each tube were pipetted into 
3 wells on a microtiter plate. To test for the presence of 
viable bacteria, 100 ul samples were also spread on 2 
nutrient agar plates amended with cycloheximide, nalidixic 
acid, and rifampicin as described. All bacterial strains 
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recovered were tested for pathogenicity by seedling 
inoculation and in an indirect ELISA using the monoclonal 
antibodies as described (15). Controls on each microtiter 
plate included two sets of wells containing a suspension from 
two seeds harvested from plants that had not been inoculated. 
The suspension from the control seeds was spread on one agar 
plate amended with cycloheximide, nalidixic acid, and 
rifampicin; on plate one plate with cycloheximide and 
nalidixic acid; and two plates with cycloheximide only. 
Results 
Preparation of seed samples for ELISA 
Absorbance values obtained by the ELISÂ-A protocol 
indicated the presence of fi. stewartii antigen in assays of 
seed extracts from plants inoculated with strain SS104 (Table 
1). The highest ELISA responses occurred in assays of the 
ground seed suspension and the supernatant from that 
suspension. Lower absorbance values resulted from tests of 
the resuspended pellet and no signal was evident from assays 
of the soak solution. 
Comparison of ELISA protocols 
Using twice the absorbance of the corresponding 
unamended diluent as the lower limit for detection to £. 
stewartii. the limits were computed from Figure 1, for £. 
stewartii in PBS alone, PBS plus A632 supernatant, and PBS 
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plus HPC supernatant as 5.2 x 105 cfu/ml, 6.3 x 10^ cfu/ml, 
and 6.0 X 10® cfu/ml respectively for ELISA-A; 4.6 x 10® 
cfu/ml, 2.5 x 10® cfu/ml, and 3.1 x 10® cfu/ml respectively 
for ELISA-By and 7.0 x 10® cfu/ml, 1.0 x 10® cfu/ml, and 1.8 
X 10® cfu/ml respectively for ELISA-C. Detection limits for 
each of the assays were similar in the presence or absence of 
seed supernatant in the diluent. ELISA-D, however, detected 
5.6 X 10® cfu/ml in sodium carbonate but could not detect 
bacteria in sodium carbonate containing A632 supernatant or 
sodium carbonate containing HPC supernatant (Figure 2). The 
detection limits for ELISA-C were substantially lower than 
those for ELISA-B and were slightly greater than those for 
ELISA-A (Figure 1). 
Detection and recovery of E. stewartii from seed samples 
The ELISA-C detected E. stewartii antigen in bulk 
samples of seeds harvested from HPC plants inoculated with 
the fi. stewartii strain, 9A (Table 2). The antigen was also 
detected in the positive controls, strains 9A and SS104, but 
not in the seeds from plants that had not been inoculated 
with the bacteria or the negative controls, Aarobacterium 
tumefaciens and PBS. Diagnostic tests of four bacterial 
strains recovered from the seed harvested from inoculated 
plants clearly indicated they were the 9A strain of fi. 
stewartii (Table 3). Conversely, two bacterial strains from 
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Table 1 Absorbance values from a double sandwich ELISA 
of corn seed preparations from A632 plants either 
diseased" or healthy 
Sample Absorbance^ Std. Dev. 
Soak solution 
diseased 
healthy 
0.13 
0.10 
0.01 
0.01 
Ground seed suspension 
diseased 
healthy 
0.94 
0.12 
0.05 
0.02 
Supernatant from seed suspension 
diseased 
healthy 
1.08 
0.11 
0.03 
0.01 
Resuspended pellet 
diseased 
healthy 
0.37 
0.10 
0.03 
0.01 
Controls 
£. Stewartii 
phosphate-buffered saline 
1.30 
0.12 
0.08 
0.03 
^The double sandwich ELISA (ELISA-A) used polyclonal 
antibodies for capture and labeling with alkaline 
phosphatase. 
^Five hundred corn seeds harvested from A632 plants 
inoculated in the field in 1986 with fi. stewartii strain 
SS104. 
°Five hundred corn seeds from A632 plants that were not 
inoculated. 
^Mean absorbance of 5 wells at 410 nm. Note data is 
also representative of 2 other similar experiments conducted. 
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Table 2 Absorbance values from a double sandwich ELISA' 
of corn seed harvested from either diseased or 
healthy Hybrid Pride of Canada plants 
Sample 
Tested Source 
Absorbance (410 nm) 
.b Mean Std. Dev. 
Corn seed 
Corn seed 
9a'^ e 
SS104 
A.T.f 
PBS9 
diseased plants 
healthy plants 
control culture 
control culture 
control culture 
0.338 0.089 
0.056 0.014 
1.014 0.304 
1.104 0.227 
0.068 0.013 
0.072 0.023 
The double sandwich ELISA used polyclonal capture 
antibodies, monoclonal C/G7/B2 as the second antibody, and 
an alkaline phosphatase-labeled antimouse immunoglobulin 
(ELISA-C). 
^Mean value of four wells per plate replicated on 3 
plates. 
^Samples were 40 g of sweet corn variety Hybrid Pride 
of Canada grown in the greenhouse. Diseased plants had 
been leaf inoculated with fi. stewartii strain 9A and 
healthy plants had not been inoculated. 
^A riff and nal^ mutant isolated from £. stewartii 
strain DC283 (nal^). 
®The immunizing £. stewartii strain for production of 
the polyclonal and monoclonal antibodies used in the ELISA. 
^Negative control bacterium, Aarobacterium 
tumefaciens. 
9phosphate-buffered saline (0.02 M Na^PO^, 0.85% NaCl, 
pH 7.2). 
Figure 1 Âbsorbance profiles of 3 double sandwich ELISAs 
for detection of £. stewartii in the presence 
and absence of corn seed supernatants suspended 
in PBS from inbred A632 and from Hybrid Pride of 
Canada (HPC). ELISA-A used a polyclonal capture 
antibody and alkaline phosphatase conjugated 
polyclonal second antibody. When no bacteria 
were added to the PBS, PBS plus A632 
supernatant, and PBS plus HPC supernatant, the 
absorbance means were 0.035, 0.074, and 0.035 
respectively. ELISA-B used the monoclonal 
antibody, C/G7/B2, as the capture antibody and 
an alkaline phosphatase conjugated monoclonal 
second antibody. When no bacteria were added to 
the PBS, PBS plus A632 supernatant, and PBS plus 
HPC supernatant, the absorbance means were 
0.038, 0.031, and 0.032 respectively. ELISA-C 
used a polyclonal capture antibody, monoclonal 
second antibody, and alkaline phosphatase 
conjugated antimouse immunoglobulin. When no 
bacteria were added to the PBS, PBS plus A632 
supernatant, and PBS plus HPC supernatant, the 
absorbance means were 0.068, 0.086, and 0.059 
respectively. Data represents PBS diluent 
(x x), PBS diluent containing A632 seed 
supernatant (0 0), and PBS diluent containing 
HPC seed supernatant ( # • ). 
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Figure 2 Absorbance profiles of ELISÂs for detection of 
E. Stewartii in the presence and absence of A632 
or Hybrid Pride of Canada corn seed 
supernatants. ELISA-D was an indirect ELISA 
using a specific monoclonal antibody, C/G7/B2, 
and an alkaline phosphatase conjugated antimouse 
immunoglobulin. When no bacteria were added to 
the sodium carbonate buffer, sodium carbonate 
plus A632 supernatant, and sodium carbonate plus 
HPC supernatant, the absorbance means were 
0.032, 0.052, and 0.077 respectively. ELISA-C 
used a polyclonal capture antibody, monoclonal 
second antibody, and alkaline phosphatase 
conjugated antimouse immunoglobulin. When no 
bacteria were added to the PBS, PBS plus A632 
supernatant, and PBS plus HPC supernatant, the 
absorbance means were 0.052, 0.052, and 0.056 
respectively. Data represents PBS (ELISA-C) or 
sodium carbonate (ELISA-D) diluent (x x), PBS 
or sodium carbonate diulent containing A632 seed 
supernatant respectively (0 0), and PBS or 
sodium carbonate diluent containing HPC seed 
supernatant respectively (# #). 
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Table 3 Identification of bacterial isolates recovered 
from corn seed harvested from diseased Hybrid 
Pride of Canada plants grown in the greenhouse 
Diagnostic Tests 
Isolates ® Origin Media^ Stain Mot° EPS^ Path® Abs^ 
1 9A inoc. rif/nal + + 0.457 
2 9A inoc. rif/nal - - + + 0.431 
3 9A inoc. nal - - + + 0.311 
4 9A inoc. nal — — + + 0.394 
SS104 culture none — — + + 0.309 
DC283 culture none - - + + 0.754 
9A culture none - - + + 0.572 
A.T. culture none ND? ND ND ND 0.030 
^Isolates 1-4 were recovered from sweet corn seed from 
HPC plants inoculated with strain 9Â. The positive 
controls were E.stewartii strains SS104, DC283, and 9A. 
The negative control is Aarobacterium tumefaceins (A.T.). 
^Rifampicin was added at the rate of 50 mg/L and 
nalidixic acid at the rate of 25 mg/L to nutrient agar 
containing 50 mg/L of cycloheximide and 0.05% Antifoam B. 
^Determined by observing a hanging drop of bacterial 
suspension with a compound microscope. 
^Bacterial isolates were grown on nutrient agar 
containing 1% dextrose and were observed for production of 
extracellular polysaccharide. 
^Pathogenicity was determined by inoculation of corn 
seedlings in a greenhouse with the bacterial isolates. 
Inoculated seedlings were observed for 2 weeks for 
development of typical Stewart's Wilt symptoms. 
^Absorbance at 410 nm from an indirect ELISA (14) 
using monoclonal antibody C/G7/B2. 
^Not determined. 
Table 4 Comparison of ELISA^ absorbance values and recovery of E. stewartii 
from individual corn seeds 
Seed Lots 
A632 HPÇ 
Absorbance healthy diseased healthy diseased 
Range*^ # of Isolates , # of Isolates # of Isolates # of Isolates 
Seeds Recovered Seeds Recovered Seeds Recovered Seeds Recovered 
0.0-0.199 16 0 195 6 15 0 191 3 
0.2-0.399 0 - 0 - 1 0 6 1 
0.4-0.599 0 - 1 1 0 - 0 -
0.6-0.799 0 - 1 1 0 - 1 1 
0.8-0.999 0 - 0 - 0 - 0 -
1.0-1.199 0 - 1 1 0 - 0 -
1.2-1.399 0 - 1 1 0 - 0 -
1.4-1.599 0 - 0 - 0 - 1 1 
1.6-1.899 0 - 1 1 0 - 1 1 
1.8-1.999 0 — 0 — 0 — 0 — 
Totals 16 0 200 11 16 0 200 7 
The double sandwich ELISA used polyclonal antibodies as capture 
antibodies, monoclonal C/G7/B2 as the second antibody, and an alkaline 
phosphatase labeled antimouse immunoglobulin as the signal antibody (ELISA-C). 
^Diseased seeds were harvested from plants of inbred A632 grown in the 
field in 1988 and leaf inoculated with JE. stewartii strain 9A (rif^, nal^). 
Healthy seeds were from plants that had not been inoculated. The Hybrid 
Pride of Canada plants (HPC) were grown in the greenhouse in 1988 and the 
diseased seeds were from strain 9A inoculated plants and the healthy seeds 
were from uninoculated plants. 
*^Absorbance measured at 410 nm. 
^Plating media was nutrient agar amended with 50 mg/L rifampicin, 25 mg/L 
nalidixic acid, 50 mg/L cyclohexamide, and 0.05% antifoam B. 
m 
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seed harvested from plants not inoculated with fi. stewartii 
were tested and identified as not being £. stewartii. The 
identification was based on their lack of extracellular 
polysaccharide production, nonpathogenicity on corn 
seedlings, and absorbance values in ELISA similar to 
Aarobacterium tumefaciens. a negative control bacterium. 
Using the absorbance value of 0.4 as the limit above 
which antigens of Erwinia stewartii were considered to be 
detected in seeds, the ELISA-C protocol detected 5 out of 200 
and 3 out of 200 seeds harvested from 9A inoculated A632 and 
HPC plants, respectively (Table 4). A confluent growth of 
bacteria was found on the respective amended agar plates. 
The bacterium was also recovered from another 10 seeds from 
the two seed lots but had absorbance values of less than 
0.40. The number of colonies representing 9 of these 10 
seeds were less than a few hundred with 1 having too many 
colonies to count. All 18 strains were confirmed as being £. 
stewartii in seedling pathogenicity tests and in an indirect 
ELISA (15) previously described (data not shown). The 
remaining 382 seeds from plants inoculated and 32 from plants 
not inoculated had low absorbance values less than 0.40 and 
no £. stewartii colonies were recovered on the respective 
agar plates. 
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Discussion 
The double sandwich assays, ELISA-A, ELISA-B, and ELISA-
C, detected viable £. stewartii bacteria in the presence of 
corn seed supernatant. ELISA-D, however, which was not a 
double sandwich ELISA, did not do so eliminating it for 
consideration as a seed assay. This may have been due to the 
seed tissue competing for and/or physically blocking the 
binding sites for the bacteria in the wells of the microtiter 
plates. Although ELISA-A had low detection limits, it also 
was not suitable for a seed assay because of the lack of 
specificity of the polyclonal antibodies as previously 
reported (15). ELISA-B and ELISA-C used the monoclonal 
antibody, C/G7/B2 (15), which has been shown to be highly 
specific for virulent fi. stewartii. ELISA-C, however, had 
detection limits 6.7, 2.5, and 1.7 times lower than ELISA-B 
for £. stewartii in PBS, in PBS containing A632 seed 
supernatant, and PBS containing HPC supernatant respectively. 
This may be explained by previous observations suggesting 
that monoclonal antibodies often do not work as well as 
polyclonal antibodies for capturing and that conjugation of 
the monoclonal antibody to the alkaline phosphatase may 
sterically interfere with its binding to the antigen or may 
cause conformational changes In the antibody altering its 
affinity for the antigen (23). ELISA-C would seem to be the 
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best choice as a seed assay because it is highly specific, 
has a low detection limit for £. stewartii in the presence of 
corn seed tissue, and does not require the conjugation of 
alkaline phosphatase to the antibodies. 
ELISA-A gave its strongest response to the ground and 
the supernatant fraction of seed preparations of A632 seeds 
from plants inoculated with strain SS104. This concurs with 
other research that suggests the bacterium is internally 
borne in the seed (10). Seed samples should therefore be 
ground and clarified to obtained the optimum ELISA response. 
The ELISA-C readily distinguished between bulk sweet 
corn seed samples from HPC plants inoculated or not 
inoculated with 9A. These results were confirmed by recovery 
and positive identification of the 9A strain from the seed 
lot from inoculated plants. The 9A strain used in these 
studies has been shown to have physiological and biochemical 
properties similar to other £. stewartii strains and to 
produce typical Stewart's wilt symptoms when inoculated into 
sweet corn or dent corn. Therefore, these results should be 
representative of testing for wild type strains of £. 
stewartii in corn seed. 
There was an absolute correlation between a positive 
ELISA-C absorbance value of greater than 0.40 and recovery of 
strain 9A from the individual seeds. The ELISA-C did not 
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distinguish between 10 seeds with absorbance values less than 
0.40 from which £. Stewartii was recovered and the seeds from 
which no bacteria were recovered. However, the detection 
limit for ELISA-C in this experiment would be the equivalent 
of recovering approximately 10^ colonies per plate. Nine of 
the 10 seeds would be well under that threshold and the other 
seed may also be. The low number of recovered bacteria from 
individual seeds may represent low numbers of bacteria in a 
particular seed, a seed that was not sufficiently fractured 
to release many of the bacteria in it, or that many of the 
bacteria in the seed were not viable. Low absorbance values 
were associated with recovery of low numbers of bacteria. 
This suggests that there were not large numbers of nonviable 
bacteria present since the ELISA does not distinguish between 
viable and nonviable bacteria. As previously noted, ELISA-C 
did readily distinguish between the bulk seed lots from which 
these individual seeds came. The bulk samples were finely 
ground. The grinding process probably releases a much larger 
percentage of the bacteria from the infected seeds. 
Therefore, adequate grinding of the sample to release all 
bacteria into the sample buffer is a critical step in a seed 
assay for fi. Stewartii. The average number of fi. stewartii 
bacteria in an infected seed is unknown as is the average 
number of infected seeds coming from infected plants. In 
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this study bacteria were recovered from 5.5% and 3.5% of the 
A632 seeds from the field and the HPC seeds from the 
greenhouse, respectively. Further studies are necessary to 
determine the average number of £. stewartii bacteria in an 
infected seed and the average number of infected seeds that 
come from an infected plant. With this information and the 
data we have developed on detection limits, the probability 
of detecting specific numbers of infected seeds in different 
sample sizes can be determined. The appropriate sample size 
for detecting seed-borne £. stewartii by ELISA-C could then 
be determined. 
The ELISA-C procedure uses the highly specific 
monoclonal antibody, has a low detection limit, and positive 
ELISA responses from bulk and individual seed samples have 
been correlated with recovery of fi. stewartii. The ELISA-C 
procedure can be reliably used as the basis for a serological 
test for seed-borne fi. stewartii in corn seed. 
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GENERAL SUMMARY 
A reliable laboratory test for seed-borne £. stewartii 
has not existed. Serological tests have been developed for 
a number of plant pathogens. Therefore, polyclonal and 
monoclonal antibodies to £. stewartii were produced. Both 
antibodies recognized all 44 different £. stewartii strains 
tested but neither distinguished between virulent and 
avirulent strains. Neither of the antibodies cross reacted 
with 17 other plant-associated bacteria from 6 genera. Of 
the 106 non-£. stewartii strains recovered from corn seed 
and leaf tissue, 7 cross reacted with the polyclonal 
antibodies. Only one of these strains appeared to have a 
low level of cross reactivity with the monoclonal antibody. 
It was later shown not to be a cross reaction with the 
specific monoclonal antibody but a reaction between the 
alkaline phosphatase-labeled antimouse immunoglobulin and 
the bacteria. This demonstrates the necessity of having a 
control well for each unknown sample where the specific 
antibody is not included in the protocol. 
The polyclonal antibodies were used in a double 
sandwich ELISA to determine the seed preparation procedure 
that released the most antigen into the sample solution. 
Soaking the seed sample was not sufficient to release the 
antigen. It was necessary to grind the seed to get a 
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strong ELISA response. The signal could be further 
enhanced by clarifying the ground sample by slow speed 
centrifugation and testing the supernatant. 
Detection limits for four different ELISA procedures 
using polyclonal and monoclonal antibodies were compared in 
the presence and absence of corn seed tissue. Seed tissue 
in the éample solution did not significantly alter 
detection of £. stewartii in the double sandwich ELISAs -A, 
-B, and -C. ELISA-D, an indirect ELISA using the 
monoclonal antibody and an alkaline phosphatase-labeled 
antimouse immunoglobulin, was not able to detect the 
bacteria at any concentration tested in the presence of 
seed tissue. This makes the ELISA-D unsuitable for a seed 
assay. ELISA-B, a double sandwich ELISA using the 
monoclonal antibody, had detection limits several times 
higher for fi. stewartii than ELISA-A and ELISA-C 
eliminating it from consideration for use in a seed assay. 
The detection limits for ELISA-A and ELISA-C were similar. 
ELISA-A, however, used polyclonal antibodies as the second 
or detection antibody. They were less specific than the 
monoclonal antibody used as the second antibody in ELISA-C. 
ELISA-C uses the commercially available alkaline 
phosphatase-labeled antimouse so conjugation of alkaline 
phosphatase to the specific monoclonal antibody is not 
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required. The ELISA-C was the ELISA of choice for a seed 
assay because it had a low detection limit, used the highly 
specific monoclonal antibody for detection, and was easy to 
use. 
Bulk and individual seeds from A632 and HPC plants 
inoculated and not inoculated with strain 9A (rif+, nal+) 
were tested with ELISA-C. The ELISA readily distinguished 
between the seed from plants inoculated and plants not 
inoculated with the bacteria. These results were confirmed 
by recovery of strain 9A from the two infected lots. 
When 400 individual seeds from 9A inoculated plants 
were assayed by ELISA-C, 8 had strong ELISA responses and 
confluent growth of fi. stewartii were found on respective 
agar plates. ELISA-C, however, could not distinguish 
between another 10 seeds from which bacteria were recovered 
and the other 382 seeds from which no bacteria were 
recovered. Approximately 10® colonies per plate would have 
to be recovered to be detected by the ELISA. The number of 
bacteria recovered from the 9 of the 10 seeds were well 
below the ELISA threshold and the other seed probably was 
also. The low numbers of bacteria recovered from the 
individual seeds may be due to several different factors. 
The most probable is that the seeds were not sufficiently 
fractured to release all the bacteria in the seed. ELISA-C 
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readily identified the bulk seed lots containing infected 
seeds but the seeds were ground in this procedure rather 
than fractured by pliers as in the single seed assay. 
Grinding the seed lot to release all of the bacteria is 
critical to the testing procedure. 
The ELISA-C procedure uses the highly specific 
monoclonal antibodies, has a low detection limit, and 
positive ELISA responses from bulk and individual seed 
samples have been correlated with recovery of jg. stewartii 
bacteria. The ELISA-C can be reliably used as the basis as 
the basis of a serological test for seed-borne £. stewartii 
in corn seed. 
Further research to determine the average number of 
infected seeds in a diseased seed lot and the average 
number of bacteria in an infected seed is needed. With 
this information and the information we have on the 
detection limits of ELISA-C, we could determine the 
probability of detecting £. stewartii in various sample 
sizes. The appropriate sample size for this test could 
then be determined. 
Preliminary work indicated that the ELISAs could 
detect the bacteria in the presence of leaf tissue. 
Application of the antibodies to a commercial field 
diagnostic kit for diagnosing diseased leaf tissue should 
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be investigated. 
Further study of seed transmission of fi. stewartii in 
the field should now be possible with the easily 
recoverable strain 9A and the ELISA procedure. More 
information is needed to determine if the present 
phytosanitary restrictions in regard to Stewart's wilt on 
corn seeds are appropriate. 
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